This paper presents the results of experimental and theoretical/computational micro-wrinkles and buckling on the surfaces of stretchable poly-dimethylsiloxane (PDMS) coated with nano-scale Gold (Au) layers. The wrinkles and buckles are formed by the unloading of pre-stretched PDMS/ Au structure after the evaporation of nano-scale Au layers. They are then characterized using atomic force microscopy and scanning electron microscopy. The critical stresses required for wrinkling and buckling are analyzed using analytical models. The possible interfacial cracking that can occur along with film buckling is also studied using finite element simulations of the interfacial crack growth. The implications of the results are discussed for potential applications of microwrinkles and micro-buckles in stretchable electronic structures and biomedical devices. 
Micro-wrinkling and delamination-induced buckling of stretchable electronic structures
I. INTRODUCTION
Stretchable electronics have emerged as interesting technologies for several applications in which stretchability is considered important. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] These applications include stretchable electrical inter-connects, [1] [2] [3] [4] [5] optical sensors and diffraction gratings, 6, 7 metrology for the measurement of elastic moduli, 8, 9 templates for device fabrication, 10 stretchable electronics, 1, 3, 11, 12 micro-contact printing stamps, 13, 14 cell culture substrates, 15 and surfaces for cell contact guidance 16 in implantable biomedical devices. However, mechanical flexibility is a pre-requisite to achieve organic 12 and inorganic [2] [3] [4] [5] 17 stretchable electronics, where wrinkling and buckling deformations are used to create wavy, out of plane structures, which can accommodate strain. This is done by pre-stretching the substrates 3, 5, 9 before the deposition of the devices. The wrinkled and delaminationinduced buckled structures of the devices are formed due to thermal compressive residual 11, [18] [19] [20] and pre-stretch 3, 5, 9 stresses. The formation and deformation of wrinkling of thin films can initiate failure, which can lead to delamination 21 in layered structures of stretchable electronics.
Prior work by Rogers and co-workers 3, 4, 17, 22 has identified the importance of buckling as a strategy for achieving stretchable electronics, stretchable optoelectronic devices, stretchable integrated systems, stretchable metallic interconnect, and emerging stretchable curvilinear systems for biomedical applications. The formation of wrinkles of thin film-coated polymeric structures has also been observed by Watanabe 20 for checkerboard patterning. In the case of wrinkling, layered devices adhere to substrate, upon release of pre-strain. During service conditions, by stretching the wrinkled structure below the critical prestrain levels, the wavy structures will become plane, while the interfacial contact remains intact. However, the nucleation and growth of cracks along the interfaces can cause interfacial failure to occur under static or cyclic loading conditions above threshold conditions. This can lead ultimately to adhesive or cohesive failure. Mei and Huang 19 and Ebata et al. 21 have shown that the wrinkled surfaces are formed due to compression-induced buckling instability of thin films, which can lead to interfacial cohesive failure and delamination. On the other hand, a buckled morphology of the layered structure can occur in the presence of interfacial voids, before and after the release of the pre-stretch. This failure mode can also occur due to merging of the possible micro voids that can lead to delamination. 19, 21 Interfacial cracks are also formed from sandwiched dust particles 23 and bubbles 24 between the deposited films and substrates. Residual stress can also drive the delamination of the layered a)
Author to whom correspondence should be addressed. structures from substrate. The interfacial cracks then grow under static or cyclic loading conditions until critical conditions are reached. It is, therefore, important to study the possible interfacial adhesion and contact of micro-wrinkled and buckled structures.
In an effort to further understand the mechanics of thin films on elastomeric substrates, Hutchinson and Suo 25 have shown that when compressive stresses in the films exceed the critical buckling stress, the film can buckle away from the substrate, for a given interfacial crack length. Angstrom-scale periodic buckling patterns have been observed in freestanding graphene bilayers generated by liquid-phase processing, 26 while non-sinusoidal surface profiles of buckled gold thin films have been observed on elastomeric substrates. 27 Furthermore, finite width effects have been elucidated using experiments and models, 28 while the deformation of a stretchable single crystal silicon has been studied on elastomeric substrates. 29 Theoretical and numerical schemes have been used by Domokos et al. 30 to study the elastic buckling of an inextensible beam with fixed end displacements, restricted to the plane, and in the presence of rigid, frictionless side-walls. Holmes et al. 31 have also studied the buckling of an inextensible rod, restricted to the plane, with free ends, and in the presence of distributed body forces derived from a potential. The effects of plasticity on buckling patterns in thin films on elastomeric substrates have also been studied using finite element simulation to reveal different patterns of buckling. 32 The delamination-induced buckling of semiconductor nano-ribbons (on the surfaces of elastomers) can be precisely controlled 22 with periodic, inactivated, and activated regions. Ordered buckled structures can also occur on thin metal films, due to the thermal contraction of elastomeric polymer substrates. 33 Furthermore, the controlled formation of ordered, sinusoidal wrinkles has also been associated with the effects of plasma oxidation of a compliant polymer. 34 Periodic sinusoidal structures have also been developed for buckled ribbons of piezoelectric ceramic (PZT) 35 and tunable diffraction gratings. 10 In an effort to develop robust systems for stretchable electronics, the level of strain-to-wrinkling had been modeled in literature. A well-known analytical solution 22, 28 has been used to predict critical strain for the onset of wrinkling of thin films on pre-strained polymeric substrates with small and large pre-strains. 5, 19, 20, 22, 28 Jiang et al. 28 have obtained the analytical solution for the buckling geometry and maximum strain in buckled thin film using nonlinear buckling model. Sun et al. 22 have also analyzed the incompressible substrate deformation of a folding wrinkled structures using neo-Hookean non-linear elasticity, while Huang et al. 36 have presented nonlinear analyses of wrinkle formation in films bonded to compliant substrates. The wrinkling was due to compressive stresses, 37 which buckled the films on the polymeric substrates after deposition.
Significant efforts have been reported on nanotubes on stretchable substrates. Harris et al. 38 have reported the electronic and optical properties of thin films of single-walled carbon nanotubes on polymeric substrates. They had studied the underlying failure mechanisms, for significant differences in the electronic manifestations of the thin films using wrinkling. Hobbie et al. 39 have also reported that the dominant wavelength of the wrinkled structures of single-wall carbon nanotubes deposited on pre-strain poly(dimethylsiloxane) (PDMS) decreases with pre-strain, while Wang et al. 40 have shown that the amplitude and periodicity of buckled graphene films on flexible substrates reduce with the increasing in prestrain.
In the case of self-assembled materials, Ramanathan et al. 41 have described the role of confinements on wrinkling structures using compressive strains. Wang et al. 42 have presented the experimental investigation of fracture in selfassembled gold nanoparticle layers on polymeric substrates. They showed that the fracture strength of the gold nanoparticles increases as the size of the particles increases, but decreases as the layer thickness increases.
In case of thin films of gold deposited on pre-strained PDMS substrates, Fei et al. 27 have analyzed the profile of gold-PDMS structure using experiments and finite element models. They showed that the profile of the structure depends on film thickness, the level of pre-strain and the rate at which the strain is being released. Therefore, the different profiles of thin-film coated PDMS substrates can be attributed to the effects of strain localization, when the pre-strain exceeds the critical strain. Ebata et al. 21 have also shown that the amplitude of the wrinkled, folded, and delaminated profile of such structures depends on the applied strain.
However, there are no prior studies that use the occurrence of wrinkling and delamination-induced buckling in the combined measurement of film elastic properties and interfacial fracture toughness between thin metal films and elastomeric substrates. This is done in this paper using the results of a combined analytical, computational, and experimental study of micro-wrinkling and interfacial fracture of the delamination-induced buckling of nano-scale Au films on elastomeric poly-dimethylsiloxane (PDMS) substrates that are relevant to stretchable electronics and implantable stretchable biomedical devices. Analytical models are used to determine the critical stresses required for wrinkling and delamination-induced buckling in the structures. Interfacial fracture mechanics concepts are also used to determine the interfacial fracture toughness between the Au films and the PDMS substrates. The implications of the results are then discussed for the design of stretchable electronics and biomedical devices.
The paper is divided into five sections. Following the introduction in Sec. I, the models are presented in Sec. II before describing the experimental and computational methods in Sec. III. The results and discussion are then presented in Sec. IV, before summarizing the salient conclusions from this work in Sec. V.
II. THEORY
This section presents the models that were used in this work. They include (i) the theory of interfacial adhesion between two dissimilar materials; (ii) analytical models of the wrinkling and buckling of thin films on stretchable substrates; and (iii) interfacial fracture mechanics models of crack growth between layers.
A. Adhesion
Adhesion force
The adhesion force between two materials can be measured using contact mode atomic force microscopy (AFM). 43 This method has been used in the literature 44, 45 for the measurement of adhesion in flexible/stretchable inorganic, organic, and hybrid organic-inorganic electronic structures. First, the AFM tip is coated with one material, while the substrate is coated with the second material. The steps involved in the measurement of the adhesion force are illustrated in Figure 1 . These were used to measure the force-displacement behavior due to adhesive interactions and the elastic deformation of the AFM tips.
The cantilever tip begins at point A, at a distance from the substrate. In this case, there is minimal long-range attractive force, so there is no deflection of the tip on the forcedisplacement between A and B ( Figure 1 ). However, as the tip is lowered towards the surface, it jumps into contact. This is due to increasing adhesive attractive forces, as the tip approaches point B. Subsequently, the tip bends under elastic deformation, as the deflection increases past point C. The process is then reversed after loading the tip to a maximum force. However, as the tip is reversed, it does not detach at zero force. This is due to the effects of adhesion at point D. Instead, the reversed loading must be continued to point E, at which the force is sufficient to overcome the adhesive interactions. The adhesion force, F, can thus be calculated from Hooke's law. This gives
where x is the tip displacement (A-E) and k is the spring constant of the AFM tip. The spring constant, k, of each AFM tip was measured using the thermal tune method. 46 
Adhesion energy
There are several possible models that can be used to estimate the adhesion energy. These include the Derjaguin-Muller-Toporov (DMT) model, 47 the Johnson-Kendall-Robert (JKR) model, 48 and the MaugisDugdale (MD) model. 49 A dimensionless parameter is determined to distinguish the use of these models. 44, [46] [47] [48] [49] If the parameter is less than 0.1, the DMT model is applied. If it is greater than 5.0, the JKR is applied. The intermediate values of the dimensionless parameter correspond to MD model. In the case of weak interactions between stiff materials with small radii, the DMT model is applied.
Rahbar et al. 50 have used DMT model to similar cases like this, while a general framework for extracting adhesion energies from AFM indentation experiments in multilayered drug-eluting stents has been presented. 51, 52 Akogwu et al. 44 have also studied adhesion of stretchable gold coated PDMS using DMT model. The adhesion energy, c, is related to the adhesion force, F adhesion , by the following expression:
where R is the effective radius, which is given by
where R rms is the root-mean-squared roughness of the substrate and R tip is the radius of the coated AFM tip.
B. Residual and applied stresses
The controlled formation of wrinkles and buckles for applications in stretchable electronics involves the deposition of thin films onto pre-stretched substrates. [1] [2] [3] [4] [5] 12 The film is subjected to stresses due to two factors. One is from the thermal expansion mismatch between the film and the substrate, while the other is from the pre-stretch of the substrate. These stresses are responsible for the induced wrinkling and buckling. The residual stress, r th , due to the thermal expansion coefficient mismatch is given by
where E f and f are Young's modulus and Poisson's ratio of the film; a f and a s are the respective thermal expansion coefficients of the film and the substrate; T d is the deposition temperature, and T corresponds to the room temperature. The stress, r app , due to the release of the applied prestretched substrate can be approximated as 
where e pre corresponds to the pre-strain. By applying the principle of linear superposition, the total stress in the film can be obtained from the summation of Eqs. (4) and (5). This is given by
Equation (6) is the total stress that is responsible for wrinkling and delamination-induced buckling in the thin film deposited on a pre-stretched polymeric substrate.
C. Wrinkling and buckling models for stretchable electronics
As described above in Sec. II B, wrinkled and buckled structures are formed as a result of the total stress on the film. The film starts wrinkling or buckling when the induced stress reaches a critical value. The solutions of the critical stress, r c , for the onset of wrinkling or buckling of thin films are given by 5, 19, 20 
where E f and E s are the Young's moduli of the film and the substrate, f and s are the Poisson's ratios of the film and the substrate. Also, the buckling of thin metallic films on stretchable elastic substrates has been modeled by Hutchinson and Suo. 25 The critical stress can be expressed as a function of wavelength of the buckling. 25, 44 This is given by
where k is the wavelength of the buckle, E f is the film Young's modulus, f is the film Poisson's ratio, and h is the film thickness.
D. Interfacial fracture mechanics
In this section, interfacial failure is modeled at the onset of buckling of thin films on PDMS substrates. The theoretical expressions are presented for the energy release rates and the adhesion energies. It is assumed that films that are deposited on pre-stretched substrates can delaminate due to buckling, 25 sandwiched particles and voids. 24 
Analytical modeling
The buckling of thin metallic films is often accompanied by the delamination of the films from the substrates. The buckled profiles can be analyzed using interfacial fracture mechanics. The energy release rate, G, of the interfacial crack is given by
where E f and f are the Young's modulus and the Poisson's ratio of the Au film, h is the thickness of Au film, r R is the residual stress in the film, and r c is the critical buckling stress. Ebata et al. 21 have shown that the residual stress increases with increasing amplitude of the buckling, as delamination proceeds. The thin film starts to delaminate from the substrate when the total stress (r R ) is more than the critical stress (r c ) for buckling. Hence, the interfacial energy release rate, G, increases with increasing r R and approaches its critical value, G c , which is given by
However, the interfacial adhesion between two dissimilar materials involves interactions between atoms on the two surfaces to form secondary bonds. The true work of adhesion between the film and the substrate materials is given by 44, 53, 54 
where c f and c s are the surface energies of the film and substrate separately, while c f Às is the surface energy between the film and the substrate in contact. If the bonds were broken mechanically, high interfacial fracture energies can be obtained due to the contributions from plastic deformation. However, if the contributions from plasticity are small, then the adhesion energy can be approximated as the interfacial fracture energy 53 between the two different materials. From a fracture mechanics perspective, the measured adhesion energy, c, corresponds to the critical mode I energy release rate. 54 This is possible because the fracture mechanics approach uses the applied strain energy release rate to measure the practical work of adhesion. 53 Hence, G c % c. The critical interfacial energy release rates can also be computed using commercial software packages, such as ABAQUS TM , which was used in this study (ABAQUS 6.12, Dassault Systèmes Incorporation, Rhoda Island). This involves introducing the geometry, materials properties, and the boundary conditions of the bi-layered system into the software. In this case, the rate of the energy released at the tip of the onset interfacial crack is denoted by G comp .
III. MATERIALS AND METHODS
A. Experimental methods
Formation of wrinkled and micro-buckled Au on PDMS substrates
First, the PDMS substrate was prepared by mixing a Slygard 184 silicone elastomer curing agent with a Slygard 184 silicone elastomer base (Dow Corning Corporation, Midland MI) in a 1:10 weight ratio. Then, the mixture was processed under a vacuum pressure of 6 kPa for 30 min to remove all possible bubbles. The processed PDMS was poured into an aluminum mold with a dog-bone shape. This was followed by annealing in an oven at 80 C for 2 h to form a 1 mm thick PDMS substrate.
The PDMS was fixed with clamps at both ends and prestrained to different levels (18%, 36%, and 70%) on a hard steel substrate. A 5 nm thick of chromium (Cr) adhesive layer was then deposited onto the PDMS substrate using Denton evaporator (Denton DV 502 A, Denton Vacuum, Moorestown, NJ). Chromium layer was used to improve the interfacial adhesion between the Au-film and the substrate. A gold thin film layer with a thickness of 100 nm was then deposited on top of the chromium layer. After deposition, the two ends of the PDMS substrate were released, and the wrinkle/buckle patterns were formed spontaneously in the gold thin films.
AFM adhesion measurements
The interfacial adhesion in the layered Au-Cr-PDMS structure was measured using AFM. First, etched silicon contact mode AFM tips were purchased from Veeco Instruments Woodbury, NY. The AFM tips were then coated with Au and Cr separately, while Au was deposited on glass substrates using Denton evaporator (Denton DV 502 A, Denton Vacuum, Moorestown, NJ). With these coated tips and substrates, the adhesion forces between Cr/PDMS (Cr-coated tip versus PDMS), Cr/Au (Cr-coated tip versus Au-coated glass), and Au/PDMS (Au-coated tip versus PDMS) interfaces were measured.
AFM measurements were performed in air over a temperature range of [22] [23] [24] [25] C and a relative humidity range of 31-46%. The tests were carried out in a Bruker Instruments Dimension 3000 AFM (Bruker Instruments, Plainview, NY). About ten force-displacement curves were obtained for each interaction. The tip deflections were obtained from the curves. The spring constants of each of the tips were measured using the thermal tune method. 46 This was done using a Bruker Instruments Nanoscope IIIa AFM (Bruker Instruments, Plainview, NY). With the measurements of the tip deflections and the spring constants, the adhesion forces were finally obtained from Hooke's law (Eq. (1)).
Due to the high sensitivity of AFM measurements to surface roughness, the substrate roughnesses and the tip radii were measured for each interaction pair. The surface roughnesses were obtained by AFM in the tapping mode. About 10 height and phase images of each substrate were obtained. These were used to measure the root mean squared roughnesses. The tip radii were calculated (before and after measurement) from images obtained using a scanning electron microscope (SEM, Philips FEI XL30 FEG-SEM, Hillsboro, OR). The measurements of the surface roughness and the tip radii were used to calculate the adhesion energies from Eqs. (2) and (3).
B. Computational methods
Computational methods were used to study the failure mechanisms in the thin films of Au on PDMS substrates due to wrinkling and buckling. These were used to provide insights into the experimental results. First, the stress distributions in the wrinkled Au-films were simulated using the ABAQUS TM software package (ABAQUS 6.12, Dassault Systèmes Incorporation, Rhoda Island). The two ends of the Au-PDMS model were displaced (pre-strained) by 18%, 36%, and 70% of the length of the structure. The modulus and Poisson ratio of the Au films were maintained at 61 GPa and 0.35, 55 respectively. However, the Young's modulus of the PDMS substrate depends on the fabrication curing conditions and the mixing ratio of base and curing agent of the Slygard silicone elastomer. 56 Hence, in the finite element simulation, the modulus of the substrate was varied from 1 MPa to 100 MPa, with Poisson ratio of 0.3. 55 This was done to provide insights into the effects of substrate Young's modulus on the wrinkling profile.
In the case of delamination-induced buckling, it was assumed that there were pre-existing interfacial cracks between the Au-film and PDMS substrates. These cracks can be attributed to imperfections, such as voids, bubbles, or impurities that are present at the interfaces. The energy release rates at the tips of the cracks were computed in form of the path independent J-integral. These were determined as functions of crack length using the ABAQUS TM software package for the three levels of pre-strains. Furthermore, for different interfacial crack lengths, the interfacial energy release rates were calculated as functions of the pre-strain.
Since the film thickness is very small compared to the thickness of the substrate, and the fact that the Young's modulus of the film is far greater than that of the substrate, fine mesh was used to model the Au/PDMS interface (as shown in Figure 2 ). Four-node plane strain quadrilateral elements were used. All the materials properties that were used were assumed to exhibit isotropic behavior, while the active contact Au/PDMS interface was maintained at zero rotation.
IV. RESULTS AND DISCUSSION
A. Wrinkling profile as a function of pre-strain and substrate elastic modulus SEM images of the wrinkled profiles induced after the release of the pre-strained Au/PDMS samples are presented in Figures 3(a)-3(c) . The images show that the wavelengths of the wrinkled structure reduced from 9.7 lm, for a prestrain of 18%, to 6.6 lm, for a pre-strain of 36%, and 3.0 lm, for a pre-strain of 70%. This is presented clearly in Figure 4 . The wavelengths are, therefore, inversely related to the prestrain values. Furthermore, some transverse cracking was observed in the Au films, especially after pre-straining to a level of 70% (Figure 3(c) ). The reduction in the wavelengths is attributed to the effects of the propagating transverse cracks, due to increasing pre-strain.
The von Mises stress distributions in the Au/PDMS structure are presented in Figures 5(a)-5(d) . These show the dependence of substrate elastic modulus on stress distributions and profile amplitude. The increase in the elastic modulus of the substrate increases the concentration of stress in the wrinkled structure. Hence, the processing of stiffer PDMS substrates will increase the overall Mises stresses, as shown in Figures 5(a)-5(d) . Furthermore, the wrinkling profile became more well defined with increasing substrate Young's modulus (Figures 5(a)-5(d) ). However, there is a high possibility that failure would be induced by the higher Von Mises stresses in the Au/PDMS structures that have higher moduli. A balanced approach is, therefore, needed to obtain well defined wrinkled profiles without inducing failure.
B. Stress analysis

Residual stress
For the Au film deposited on a pre-stretched PDMS substrate, residual stresses were induced in the Au films due to the thermal expansion coefficient mismatch between the Au films and the PDMS substrate. The total stress in the Au films was also assumed to be the sum of the thermal mismatch stress and the stress due to pre-strained PDMS . These were used to estimate the residual stress due to thermal expansion mismatch to be $0.583 GPa. The stress due to the prestrained PDMS substrate (Table I) was calculated using Eq. (5). Hence, the sum of the two residual stresses (r R ) was obtained using Eq. (6) for different thicknesses of the Au film. These results are presented in Table I . These show that the calculated total stress increase with increasing pre-strain of the PDMS substrate.
Critical stresses
The calculated critical stresses obtained for different wavelengths are presented in Figure 6 (a). The critical stresses for the onset of wrinkling/buckling were estimated from the measured profiles (Figure 3 and Eq. (8)). The critical stress decreases with increasing wavelength and viceversa. Therefore, the critical stress is inversely related to the wavelength of the buckling/wrinkling profile. The decrease in the critical stress is attributed to the increase in pre-strain, which increases transverse cracks observed in Figure 3 . It is important to note that the transverse cracks can be attributed to the possible formation of a brittle silica-like layer in the near-surface region of the PDMS with the deposited Cr. However, in Figure 6 (b), the critical stress increases with increasing substrate Young's modulus. Figure 6 (b) was obtained from Eq. (7), for possible ranges (1-100 MPa) of PDMS Young's moduli. The limiting critical stress for the Au thin film on a specific stretchable substrate (of known modulus) can be predicted from Figure 6 
C. Surface roughness/profile
The root-mean-squared (rms) roughnesses of the different layers in the Au-coated PDMS structures are presented in Table II . The PDMS had an rms roughness of 0.7 6 0.1 nm, while the Cr-coated surface had an rms roughness of 9.9 6 2.2 nm. The Au film has an intermediate rms roughness of 3.4 6 0.5 nm. The AFM tip radii measured from the SEM tip images averaged $250 nm (Figure 7 ). Both the surface roughnesses and the AFM tips radii were used for computation of adhesion energies. In the SEM images, there were no significant changes observed in the AFM tips. The highest magnification SEM images did not reveal any evidence of cohesive failure in the adhesion force measurement. Therefore, we conclude that the measured AFM pull-off forces correspond to adhesive failure.
D. Interfacial adhesion and fracture energies
Measured adhesion forces and energies
Adhesion forces between different layers in the Aucoated PDMS structure (Figure 8(a) ) are presented in Figure  8 (b). The highest adhesion force was obtained between the Cr (adhesion promoter layer) and PDMS. This had an average pull-off/adhesion force of 77 6 29.3 nN. The high adhesion in Cr/PDMS interface could be due to highly electropositive nature of Cr. It is easy for electrons to be donated from Cr to methyl groups in the side chains of PDMS and form the surface dipoles that increase the attraction. An intermediate adhesion force of 30 6 5.7 nN was obtained for the Cr-Au interaction, while the lowest adhesion was obtained for the PDMS-Au interaction.
In an effort to use the models described in Sec. II A 2, a non-dimensional parameter for the calculation of the adhesion energy was first found to be $10 À6 (which is (0.1). [26] [27] [28] The DMT model was then used to determine the adhesion energies. The measured rms roughness value of surface 1 and the radius value of the AFM tip (surface 2) were incorporated into Eq. (3) to calculate the effective radius. The measured adhesion forces and the corresponding effective radii were then incorporated into Eq. (2) to calculate the adhesion energies. The results of these calculations are presented in Figure 8 (c). Once again, the Cr interlayer exhibits the highest adhesion energy with the PDMS substrate. However, due to the roughness of the Cr layer, the adhesion energies of the Cr-Au couples are now comparable to those between PDMS and Au.
Interfacial fracture energies
The calculated interfacial energies obtained for different pre-strain values are summarized in Table III . The ratios of the energy release rates, G, and the critical energy release rates, G c , obtained from Eqs. (9) and (10), are plotted along with the analytical solutions in Figure 9 . The ratios increase to a peak before decreasing to a steady-state value of about 1.0. This is comparable to results from earlier work by Hutchinson and Suo. 25 The energy release rates were also computed using ABAQUS TM . Figures 10(a)-10(d) show plots of energy release rate as a function of interfacial crack length. These are presented for buckled Au films of different thicknesses. The interfacial energy release rates decrease continuously with increasing crack length in the case of the 100 nm Au films (Figure 10(a) ). However, turning points were observed for thinner 50 and 75 nm Au films (Figures 10(b)-10(d) ). In any case, steady state fracture toughness values were approached with increasing interfacial crack length. Also, the turning points corresponded to the onset of buckling, while the differences between the steady state energy release rate and the turning point energy release rate correspond to the interfacial energy for delamination due to buckling. For example, the computed interfacial energy for delamination of a Au/PDMS structure with a typical thickness (50 nm) of the Au film is $3 J/m 2 under pre-strain value of 36% (Figure 10(d) ). The von Mises stress distributions in the buckled Au films on PDMS substrates are presented in Figures 11(a)-11(e) . The amplitude of the buckled film increases with increasing interfacial crack length. It also suggests that interfacial crack growth can be used to control the waviness of the buckled films prior to applications in stretchable electronics structures.
Comparison of adhesion energies and energy release rates
The measured adhesion energies are comparable to the interfacial energy release rates obtained for PDMS-Au interfaces using both computational and analytical techniques. A comparison of the data is presented in Figure 12 . Note that the measured adhesion energy of the PDMS-Cr interface was significantly greater than the corresponding calculated interfacial energies. This suggests that the interfaces with the lower interfacial fracture toughnesses dominated the delamination processes that occurred during the buckling of the films on the PDMS substrates.
Dependence of interfacial energy on pre-strain and film thickness
For different ratios of interfacial crack lengths to film thicknesses ð2a=hÞ, the computed interfacial energy release rates are plotted as a function of pre-strain in Figure 13 . In obtaining the ratios, the crack length was maintained constant, while the thickness of the film was varied. The energy release rates increase with increasing pre-strain. However, increasing pre-strain could also result in multiple interfacial cracks, which can cause reduction in the wavelength of the Au-PDMS surface profile. This explains the reduction in the wavelength of the wrinkled Au film 
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observed in Figure 3 for increasing the pre-strain of the PDMS substrate. According to Figure 13 , for a thick film (2a=h ¼ 5), a small pre-strain ($20%) will cause delamination due to buckling for a critical adhesion energy, c ¼ 2:42 J=m 2 . However, the interfacial energy release rate between a relatively thin film (2a=h ¼ 90) and the PDMS substrate is maintained below the critical value at a prestrain of $70%.
E. Implications
The implications of the above results are quite significant. First, they suggest that a basic understanding of microwrinkle and buckle formation is useful in the design and fabrication of micro-scale features in opto-electronic and biomedical structures. In the case of opto-electronic structures, these may include diffraction gratings and electronic textiles, while potential biomedical applications may include implantable biomedical devices for sensing and drug delivery.
The ability to control the surface textures by microwrinkling and buckling may also provide biomedical electronic systems with the ability to integrate well with biological tissue. For example, prior work 57 has shown that microgrooves with depths and spacings of $10-20 lm can promote the contact guidance/alignment of biological cells in ways that can lead to reduced scar tissue formation and increased cell/ surface integration. 58 There is, therefore, the potential to tailor future wrinkled and buckled structures that can facilitate cell/ surface interactions and integration with biological tissue.
The interest in the potential stretchable electronics which include solar cells and light emitting devices that require the design of robust systems that are stretchable without significant interfacial failure. 5 There is, therefore, a need to extend the strain-induced micro-wrinkling and buckling testing technique to a more general framework for the measurement of thin film interfacial fracture toughness. These are clearly some of the challenges and opportunities for future work.
V. SUMMARY AND CONCLUDING REMARKS
This paper presents evidence of micro-wrinkle and delamination-induced buckle formation in thin film structures consisting of nano-scale Au films coated onto the surfaces of stretchable PDMS substrates. The wavelengths of the micro-wrinkled and buckled profiles decrease with increasing pre-strain. The critical buckling stress also decreased with increasing wavelength of the profile. The pre-strain technique was used for the measurement of the interfacial fracture toughness between hard and soft materials. The measurements of interfacial fracture toughness obtained for Au films on PDMS substrates are comparable to AFM measurements of adhesion energy. The results suggest that pre-strain-controlled profiles can be considered for potential biomedical and optoelectronic applications. 
